Summary Trueness-to-type and agronomic characteristics of trees of four coffee (Coffea arabica L.) F 1 hybrid clones derived from embryogenic cell suspensions were compared with those of trees produced from in vitro microcuttings. Three types of variants were observed among the 644 trees derived from embryogenic suspensions. Total frequency of the variants was 2.1% for trees originating from embryogenic cell suspensions, whereas no variant was found among the trees produced from microcuttings. The variant known as "thick leaf" had thick leaves, many abnormally starry flowers and low yields of large fruit. The "dwarf" variant was characterized by slow growth and small fruit. The "dwarf peaberry" variant had abnormal seeds in a single cavity, in addition to the "thick leaf" and "dwarf" characteristics. Compared with normal trees, the variants differed in leaf density and number of chloroplasts per guard cell. The variants aside, there were no differences in the main agronomic characteristics between trees produced from embryogenic suspensions and those produced from microcuttings. For all four clones, the trees had vegetative characteristics, productivity, fertility, and bean biochemical, mineral and organoleptic characteristics that were identical to those of the controls. We conclude that it is possible to generate coffee trees commercially with normal agronomic performance from embryogenic suspensions, because the frequency with which somaclonal variants occur is limited.
Introduction
Coffea arabica L. F 1 hybrids (4n = 44) yielding 25 to 30% more beans than traditional varieties, and possessing resistance to various diseases and pests, such as leaf rust (Hemileia vastatrix Berk. et Br.) and nematodes, have been produced in Central America and Kenya (Walyaro 1983 , Van der Vossen 1985 . An economically viable, asexual propagation method is now being sought for the commercial production of these hybrid clones in order to make effective use of captured genetic gain. The use of microcuttings, which ensures perfect true-to-type reproduction (Berthouly et al. 1987) , does not allow propagation rates and production costs compatible with a commercial target. In coffee, several somatic embryogenesis methods have been developed for the mass production of embryos of the two cultivated species C. arabica and C. canephora Pierre ex Froehn. var. Robusta (Zammaripa et al. 1991, Berthouly and . Recently, a procedure based on mass production of pregerminated embryos in bioreactors and their direct sowing in the nursery was developed that yielded low-cost mass propagation of trees for most selected genotypes (Etienne-Barry et al. 1999) .
Irrespective of species, few data are available on the field performance of plants produced by somatic embryogenesis, though such information is critical. For example, apart from some published data on rates of somaclonal variation and a list of modified morphological or physiological traits, there are few studies describing growth, productivity or cup quality of coffee trees obtained by somatic embryogenesis. Based on several different somatic embryogenesis procedures and a large number of C. arabica varieties, Söndahl and Lauritis (1992) estimated that about 10-12% of the 12,000 plants observed were affected by somaclonal variation. Based on visible characteristics, Ducos et al. (2000) reported that there was no somaclonal variation in 8,000 trees of nine C. canephora clones.
We recently developed a method for mass regeneration of C. arabica plants from embryogenic cell suspensions (Etienne et al. 1997a ). Here, we compare trueness-to-type, growth and yield performance, bean chemical and biochemical characteristics, and cup quality of trees of four C. arabica clones produced from embryogenic cell suspensions with data obtained for control trees obtained from microcuttings.
Materials and methods

Plant material and trial design
Clones were derived from four selected F 1 hybrids of C. arabica obtained from crosses between the catimor (T8667) and sarchimor (T5296) cultivated varieties with wild accessions from Ethiopia. Clones from the following four crosses: T8667 × Ethiopia No. 6, T8667 × Ethiopia No. 32, T5296 × Ethiopia No. 6 and T5296 × Ethiopia No. 32 , are referred to as Clone 1, Clone 2, Clone 3 and Clone 4, respectively. Wild accessions were selected from the field collection of Centro de Agronomía Tropical de Investigación e Enseñanza (CATIE) in Costa Rica. Each clone was propagated by both embryogenic cell suspensions and in vitro microcuttings. For each of the eight treatments (two micropropagation techniques × four clones), 100 trees were planted. These trees were used for agronomic comparisons. Other trees produced by embryogenic cell suspensions (between 36 and 99 for each clone depending on the clone) were planted on the trial border, to increase the number of trees available to study trueness-to-type. The numbers of plants used to estimate variant frequency are indicated in Table  1 . The field trial was established in 1998 at 650 m a.s.l. in Turrialba, Costa Rica, using completely randomized single-tree plots. The spacing was 1.80 m between rows and 0.9 m between trees in the same row (6173 trees ha -1 ). Fertilization with N:P:K:Mg:B (18:3:10:8:0.5) was carried out at 1000 kg ha -1 year -1 , split into two applications in May and August; 250 kg ha -1 year -1 of N was applied in November; and two foliar applications per year of copper hydroxide were given at a rate of 1.5 kg ha -1 , to prevent leaf and fruit diseases.
In vitro multiplication techniques
Because of the genetic heterogeneity of F 1 hybrid seeds, clones propagated by microcuttings provide the best control material for comparison with clones obtained by somatic embryogenesis. Thus, for each F 1 clone, microcuttings and somatic embryos were produced from the same initial seedling. The microcutting method for coffee, which comprises three phases, has been described by Dublin (1984) . In Phase 1, a node from a young orthotropic stem is surface-sterilized and cultured in vitro on medium containing 22.2 µM benzylaminopurine (BAP) for 3 weeks until microstems are produced through induction of the axillary buds. In Phase 2, the microstems are transferred to growth medium containing 1.33 µM BAP for 2 months until developed stems are obtained with several pairs of leaves. In Phase 3, the plant material is multiplied by subdividing orthotropic shoots cultured on medium containing 4.44 µM BAP.
The embryogenic cell suspension method has been described by Etienne et al. (1997a) and the culture media used for the method have been described by Van Boxtel and Berthouly (1996) . The method involves four stages. In Stage 1, fragments of young leaves are surface-sterilized and used as explants. The explants are cultured for 1 month on medium containing 2.26 µM (2,4-dichlorophenoxyacetic acid (2,4-D), 4.92 µM indole-3-butyric acid (IBA) and 9.84 µM iso-pentenyladenine (iP), then transferred for 6 months to medium containing 4.52 µM 2,4-D and 17.76 µM BAP. An embryogenic callus is obtained on the explants. In Stage 2, the embryogenic tissue is placed in liquid medium with 4.52 µM 2,4-D and 4.65 µM kinetin until it produces a cell suspension of embryogenic aggregates. Five 1-month proliferation cycles are then completed. In Stage 3, the embryogenic aggregates are transferred to a temporary immersion bioreactor (RITA ® , Cirad, France), with regeneration medium containing 17.76 µM BAP for 2 months. In Stage 4, the embryos are cultured in the bioreactor in germination medium containing 1.33 µM BAP. Plantlets are obtained after two 2-month subcultures in the bioreactor.
Acclimatization
Following in vitro culture, plantlets 2 to 4 cm tall were selected. The base of each stem was sectioned and the stems placed for 12 h in a rooting solution containing 492 µM IBA, 134 µM 1-naphthaleneacetic acid (NAA) and 5 mg l -1 kinetin and then transferred to solid substrate comprising a 3:1:1 (v/v) mix of soil:sand:decomposed coffee pulp (Etienne et al. 1997b ). They were placed in an acclimatization tunnel for 1 month (relative humidity 80-90%, 200-400 lux), and then moved to a slightly shaded nursery (2000-4000 lux) for 5 to 7 months. Once acclimatized, plants 30-40 cm tall were transplanted to the field.
Trueness-to-type of regenerated trees in the field
Plants regenerated in vitro exhibiting morphological traits that differed from those of the initial clone when acclimatized or planted in the field were referred to as somaclonal variants. The morphological criteria included plant height, leaf shape, fertility, fruit size, leaf density, stomatal density and chloroplast number per guard cell. The values of these parameters were compared to the data obtained from 12 microcutting trees. Leaf density (DW:LA) was determined from leaf area (LA) and dry weight (DW) measurements on 10 leaves per tree. Stomatal density and chloroplast number per guard cell 1032 ETIENNE AND BERTRAND TREE PHYSIOLOGY VOLUME 21, 2001 were determined as described by Franco (1939) and Sreenivasan et al. (1992) , respectively. An estimation of ploidy level of each C. arabica variant was made by flow cytometry (Barre et al. 1996) . The evaluation of ploidy is easier if several species have different ploidy levels, because distinct mean peaks can be observed. Therefore, C. canephora (2n = 22), which we have previously characterized, was chosen as a control for study of C. arabica plants (4n = 44). To extract nuclei, leaves of C. arabica variants and C. canephora controls were chopped simultaneously in a petri dish with lysis buffer (0.5% Triton X-100, pH 9.2) containing staining solution (4 µg ml -1 diamino-2-phenylindole (DAPI)). The suspension was filtered through 40-µm nylon mesh. A FACScan cytometer (Becton Dickinson and Co., Franklin Lakes, NJ) was used with an argon laser (15 mW) at 448 nm, taking a pulse area of emissions > 590 nm. Histograms were collected over 1024 channels. From each histogram, which contained 3,000-10,000 nuclei, the value of the ratio (peak mean of C. arabica variant/peak mean of C. canephora control) (M var /M can ) was recorded. The expected ratio for a normal tetraploid C. arabica tree is about 1.7-1.9, and the presence of dihaploid, hexaploid or octoploid trees is revealed by values of about 0.9-1.0, 2.6-2.9 and 3.4-3.8, respectively.
Growth observations, yield and coffee bean characteristics
Measurements taken included: stem diameter (5 cm from the ground) after 36 months in the field; increase in stem height between the ninth and 30th month in the field; existence of pollen on the stamens of open flowers; number of chloroplasts per guard cell (determined on 10 leaves per tree for 12 trees taken at random from each treatment (96 trees in total)); and production (measured in terms of grams of fresh berries per tree for the second year). The number of fruits per node was estimated from the eight most heavily bearing nodes. Coffee berries normally contain two seeds but abortion of one ovule during the early fruit development stage gives rise to one round seed called a peaberry (Van der Vossen 1985) . Another post-zygotic abortion can occur later on when the fruit has attained its final size. This late abortion gives rise to one or two empty loci, causing the berry to float when immersed in water (De Reffye 1975) .
We also measured frequency of peaberries in a subsample of 100 green fruits collected 6 months after flowering from the eight most heavily bearing nodes, and frequency of floating mature berries in a subsample of 200 ripe fruits after immersion in water. Bean weight of the coffee produced by each tree was estimated by measuring the dry weight of 200 beans from mature berries.
Bean chemical analyses
From 12 trees per treatment (96 trees in total), 250-g samples of green coffee beans were collected after screening through a size 17 sieve and eliminating most defective beans. Sucrose, chlorogenic acids, caffeine, trigonelline and fat contents of ground green beans of each tree were obtained by near-infrared spectrometry (Model 6500, NIRSystem, Inc., Silver Spring, MD) driven by NIRS2 (4.0) software (Intrasoft International LLC, Port Matilda, PA) (Guyot et al. 1988) .
Ground green bean contents of potassium, magnesium, calcium, zinc and copper were determined by atomic absorption spectrometry (AAnalysis 100, Perkin Elmer Corp., Wellesley, MA) (Mills and Benton Jones 1996) after wet digestion with nitric acid:perchloric acid (5:1, v/v). Aluminum content was measured by atomic absorption spectrometry after dry digestion. Phosphorus was determined by the molibdene blue colorimetric method at 660 nm (LAMBDA1 spectrophotometer, Perkin Elmer Corp.). Total nitrogen was determined by the Kjeldahl method (Jones and Case 1990) .
Organoleptic analysis
Two-kg samples of coffee were prepared by the wet method (pulping, fermentation and drying) from ripe, healthy berries harvested from the upper branches of 12 trees during the harvesting peak. One-kg subsamples of green coffee were collected after screening through a size 17 sieve and eliminating most defective beans. After roasting for 6-7 min, cup quality tests were carried out on an infusion prepared with 12 g of roasted coffee (Van der Vossen 1985) . A panel of eight persons tasted 120 ml of infusion. The main taste and flavor attributes (aroma, body, acidity) were estimated based on scales ranging from 0 to 5, where 0 = nil, 1 = very light, 2 = light, 3 = frank, 4 = strong and 5 = very strong. There was also an overall standard for cup quality ranging from 0 to 5, where 0 = not suitable for drinking, 1 = bad, 2 = regular, 3 = good, 4 = very good, and 5 = excellent.
Statistical analysis
A y = log (x + 1) transformation was carried out for peaberries and floating berries to approximate the conditions of the ANOVA (normality of residuals and homoscedasticity). All data were subjected to a two-factor, two-level analysis of variance (two techniques of in vitro multiplication and four clones) using Statistica software (Statsoft Inc., Tulsa, OK). Mean separations were done by the LSD test. Differences were considered significant at P = 0.05.
Results
Variants identified
No variant was observed among the microcuttings. In plants derived by somatic embryogenesis, the frequency of variants did not exceed 2.1% (Table 1) . Clone 3 seemed to be more susceptible to somaclonal variation than the other clones because 10 of the 14 variant plants were of that genotype. Clone 4 formed no variants.
Three types of somaclonal variations were identified based on morphology (Table 2 ). The "thick leaf" variant (Table 1) was the most frequent. Affected trees were taller than average, with thick leaves and many starry flowers (abnormal flowers), and low yields of large fruit. Leaf density was higher than in the microcutting controls. However, the number of stomata did not seem to differ greatly from that of normal trees. The great-est difference was in the number of chloroplasts per guard cell, which ranged from 15.3 to 15.8 in normal trees, whereas it ranged from 16.4 to 20.3 in "thick leaf" variants.
Initially, the "dwarf" variant was difficult to identify in the field, because it could be confused with trees suffering from unfavorable growing conditions. However, once the trees started bearing fruit the variant was easy to identify because, in addition to poor growth, the fruits were abnormally small. Trees with this mutation always had thin leaves with a small leaf area. Moreover, leaf density was low, ranging from 5.8 to 8.6 mg cm -2 compared with 8.7 to 9.7 mg cm -2 in normal plants. The "dwarf" variants also had an abnormally high number of stomata per cm 2 but a low number of chloroplasts per guard cell. In the control trees, it varied from 15.80 to 16.97, whereas in the "dwarf" variants it varied from 13.23 to 14.93. The "dwarf peaberry" variant had characteristics similar to those of the "dwarf" type, except that these variants had only abnormal "peaberry" type seeds, i.e., a single cavity (Table 2).
No dihaploidy or polyploidy was detected by flow cytometry. The DNA histograms for the variant C. arabica trees were as expected with M var /M can ratios close to 1.8, indicating the presence of tetraploids.
Agronomic characteristics
For the eight studied variables, representing vegetative, production and fertility characteristics, there were no significant differences between trees produced from microcuttings and those produced by somatic embryogenesis (Table 3) . No clone × micropropagation technique interaction was found for seven of the variables. Although there was a significant interaction for the percentage of peaberries, it is probably not biologically meaningful because the percentage of peaberries was higher in the microcuttings than in the somatic embryos for Clone 3.
Flowering was uniform irrespective of clone and micropropagation technique. Pollen was observed on all of the stamens, indicating that no sterile males were formed. The data indicated the existence of a strong clone effect for all the variables considered.
Seed biochemical and mineral characteristics, and cup quality
For the 17 variables studied, representing the biochemical (Table 4) and mineral characteristics (Table 5 ) of the seeds, along with the organoleptic characteristics of the infusion (Table 6 ), no significant difference was found between plants obtained from microcuttings and those obtained from embryogenic cell suspensions, indicating the absence of a propagation effect. Slight differences were observed for some biochemical characteristics, for the same clone and for both techniques, namely, caffeine concentration for Clone 1, chlorogenic acid concentration for Clone 2 and sucrose concentration for Clone 2. These slight differences could not be explained by the propagation technique. Moreover, no interaction was found between the micropropagation technique and the clone. The analysis of variance revealed a strong clone effect.
Discussion
As emphasized by Dunstan et al. (1995) , there is relatively little information available on clonal trueness-to-type or on the field performance of woody plants obtained by somatic embryogenesis. However, this information is critical for establishing that somatic embryogenesis procedures do not cause abnormalities. In oil palm, major problems were detected in the first harvests, leading to abnormal fruits in 3 to 67% of palms depending on the cultivar and the time spent in in vitro culture (Duval et al. 1995 matic embryogenesis has been relatively well mastered, the agronomic evaluation of the planting material will not be completed for several years (Gupta et al. 1993 ). To our knowledge, the agronomic and bean characteristics of coffee trees propagated by somatic embryogenesis have never been described before.
Trueness-to-type of trees regenerated by embryogenesis
We confirmed the existence of somaclonal variations in C. arabica trees propagated by somatic embryogenesis (cf. Söndahl and Lauritis 1992); however, the frequency of variants (2.1%) was below the 10% reported by Söndahl and Lauritis (1992) , even though we introduced an additional stage of embryogenic callus proliferation in cell suspension that was likely to increase the risk of somaclonal variations (Karp 1991) . Like Söndahl and Lauritis (1992) , we show that the variability rate in coffee trees is genotype dependent. Other field trials have confirmed this (data not shown).
We identified three types of variants based on morphological traits that corresponded to descriptions of mutations found in seed progenies (Krug et al. 1939 ). The phenotypic description of the "thick leaf" variant appears to correspond to the description of the Bullata variety reported by Cramer (1913) and formally described by Krug et al. (1939) . This mutation occurs in a proportion of 1:1000 in seedling nurseries. These authors showed that they were hexa-or octoploid plants. The chloroplast number in the guard cells is an excellent indicator of the 1036 ETIENNE AND BERTRAND TREE PHYSIOLOGY VOLUME 21, 2001 (Sreenivasan et al. 1992) . The chloroplast number per guard cell increases with increasing ploidy level. Although the high chloroplast number per guard cell that we observed appears to indicate a ploidy level corresponding to hexa-or octoploid, flow cytometry indicated that our mutants were not polyploids. The "thick leaf" variant with the Bullata phenotype may therefore represent a new variant. Söndahl and Lauritis (1992) reported polyploid-type mutations of around 0.07%. The "dwarf peaberry" variant was more like the monosperma mutant described for seedlings by Mendes and Bacchi (1940) , who showed that this mutant was a dihaploid (2n = 2x) with low vigor, and bears only abnormal "peaberry" type seeds because of abnormal meiotic pairing. Stomatal density is linked to ploidy level in coffee (Sreenivasan et al. 1992) . Stomatal density increased with decreasing ploidy level. Similarly, chloroplast number increased with decreasing ploidy level; it was much lower in the dwarf peaberry variant than in the control, suggesting that this variant type could be likened to that of a C. arabica dihaploid. In our study, the chloroplast and stomatal density data indicate that the "dwarf peaberry" variant is haploid; however, flow cytometry indicated a ploidy level close to normal (4n = 44).
The "dwarf" variant was more difficult to characterize. The most reliable marker was chloroplast number. The small number of chloroplasts, associated in some cases with a high stomata number, suggested that the variant was dihaploid. However, flow cytometry did not reveal any dihaploid trees of this variant. We hypothesize that the three variants characterized in our study represent aneuploids or plants with alterations in genomic DNA methylation rate as shown in oil palm (Jaligot et al. 2000) .
Several morphological characteristics (tree height, number of chloroplasts in guard cells and leaf density) can be used to distinguish variants from other trees in the field. Of the quantitative traits for detecting somaclonal variation, Eizenga and Dahleen (1990) used pollen viability in tall fescue (Festuca arundinacea Schreb.), whereas Roylance et al. (1994) used total biomass and seed production. Hanna et al. (1984) used plant height in Pannicum maximum Jacq. and Stephens et al. (1991) used flowering date or seed production in soybean (Glycine max (L.) Merrill). In our case, the morphological traits were sufficiently visible to allow identification of abnormal plants with certainty from the nursery stage.
Agronomic characteristics
Apart from examining the trueness-to-type of plants, it is important to test plants obtained by somatic embryogenesis in conventional agronomic trials. Somaclonal variants sometimes also reveal themselves through more or less intense flowering, or lower yields. For instance, wheat lines obtained from somatic embryos produced 11% less on average than breeder lines, with 3.8% fewer spikelets per spike, and 6.5% fewer kernels per spike (Hanson et al. 1994) . Likewise, in tall fescue (Festuca arundinacea Schreb.), there are no easily detectable differences for identifying somaclonal variation, but total biomass and seed yields differ between seedling plants and those obtained by somatic embryogenesis (Roylance et al. 1994) . We demonstrated that, for the four C. arabica hybrids, if the 2.1% of variants that were easily detectable in the field based on morphology were not taken into account, there was no difference in the main agronomic characteristics between trees produced from embryogenic suspensions and trees obtained from microcuttings with respect to the other criteria studied. The trees exhibited vegetative characteristics, productivity, fertility, bean biochemical, mineral and organoleptic characteristics that were similar to those of the controls. A similar result was recently obtained with banana (Musa acuminata Colla), where no difference was found between the agronomic performance of plants derived from cell suspensions and those obtained by the conventional in vitro budding method (Côte et al. 2000) . In barley (Hordeum vulgare L.), the agronomic performance of 72 lines derived from embryogenic callus was reported to be similar to that of lines grown from seed (Baillie et al. 1992) .
We conclude that propagation of coffee trees from young embryogenic cell suspensions generates few variants and that, apart from those variants, the agronomic performance of the trees is similar to that of trees obtained from microcuttings. Other field trials are under way to confirm these initial data. Somatic embryogenesis can therefore be considered as a new propagation technique for coffee, for rapid mass production of heterozygous structures that should lead to substantial genetic gains compared to traditional pedigree selection schemes. Somatic embryogenesis is also being used in genetic transformation programs with coffee. Research is currently under way with a view to controlling somaclonal variation, both by optimizing in vitro culture conditions, and by developing early morphological and molecular detection tests in the laboratory and in the nursery.
